Infection with antibiotic-resistant bacteria, such as vancomycinresistant Enterococcus (VRE), is a dangerous and costly complication of broad-spectrum antibiotic therapy 1,2 . How antibioticmediated elimination of commensal bacteria promotes infection by antibiotic-resistant bacteria is a fertile area for speculation with few defined mechanisms. Here we demonstrate that antibiotic treatment of mice notably downregulates intestinal expression of RegIIIc (also known as Reg3g), a secreted C-type lectin that kills Gram-positive bacteria, including VRE. Downregulation of RegIIIc markedly decreases in vivo killing of VRE in the intestine of antibiotic-treated mice. Stimulation of intestinal Toll-like receptor 4 by oral administration of lipopolysaccharide re-induces RegIIIc, thereby boosting innate immune resistance of antibiotictreated mice against VRE. Compromised mucosal innate immune defence, as induced by broad-spectrum antibiotic therapy, can be corrected by selectively stimulating mucosal epithelial Toll-like receptors, providing a potential therapeutic approach to reduce colonization and infection by antibiotic-resistant microbes.
Infection with antibiotic-resistant bacteria, such as vancomycinresistant Enterococcus (VRE), is a dangerous and costly complication of broad-spectrum antibiotic therapy 1, 2 . How antibioticmediated elimination of commensal bacteria promotes infection by antibiotic-resistant bacteria is a fertile area for speculation with few defined mechanisms. Here we demonstrate that antibiotic treatment of mice notably downregulates intestinal expression of RegIIIc (also known as Reg3g), a secreted C-type lectin that kills Gram-positive bacteria, including VRE. Downregulation of RegIIIc markedly decreases in vivo killing of VRE in the intestine of antibiotic-treated mice. Stimulation of intestinal Toll-like receptor 4 by oral administration of lipopolysaccharide re-induces RegIIIc, thereby boosting innate immune resistance of antibiotictreated mice against VRE. Compromised mucosal innate immune defence, as induced by broad-spectrum antibiotic therapy, can be corrected by selectively stimulating mucosal epithelial Toll-like receptors, providing a potential therapeutic approach to reduce colonization and infection by antibiotic-resistant microbes.
Infections caused by highly antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA) and VRE, are an increasing menace in hospitalized patients 3, 4 . Treatment of serious VRE infections is limited by the paucity of effective antibiotics 5 . VRE colonizes the gastrointestinal tract and it is likely that systemic bloodstream infections are the result of dissemination from the intestine 6 . It has been widely assumed that antibiotic treatment, by eliminating commensal flora, opens intestinal niches and provides increased access to nutrients, thereby enhancing VRE survival and proliferation. Recent studies, however, have demonstrated that commensal microbes in the intestine induce expression of proteins that restrict bacterial survival and growth 7, 8 . Thus, whereas commensal microbes may directly restrict VRE proliferation, an alternative hypothesis is that commensal microbes inhibit VRE indirectly by activating mucosal innate immune defenses.
To determine, as a first step, whether innate immune signalling by means of the Toll-like receptor (TLR)-MyD88 pathway restricts VRE colonization of the intestinal tract in vivo, we compared VRE killing in ligated ileal loops of wild-type and MyD88-deficient mice. Figure 1a demonstrates that VRE was killed much more effectively in ileal loops of wild-type than MyD88-deficient mice. Intestinal inhibition of VRE did not require MyD88-mediated signals in bone-marrow-derived cells, but instead was required in non-bonemarrow-derived, presumably epithelial, cells (Fig. 1b) . RegIIIc is a secreted lectin with potent bactericidal activity against Gram-positive bacteria that is expressed by intestinal epithelial and Paneth cells 7 . Expression of RegIIIc is dependent on TLR-MyD88-mediated signals in intestinal epithelial cells and is induced by commensal microbes 7, 9 . To determine whether RegIIIc mediates in vivo killing of VRE in the intestine, we injected a blocking polyclonal antiserum 10 against RegIIIc into ileal loops of wild-type mice before inoculation of VRE. The number of surviving VRE bacteria was increased by over 400% in intestines treated with RegIIIc-specific antiserum (Fig. 1c) , indicating that RegIIIc mediates in vivo VRE killing. Administration of the broad-spectrum antibiotic combination metronidazole, neomycin and vancomycin (MNV), to which VRE is resistant, markedly increases colonization of the small intestine, caecum and colon with VRE ( Fig. 2a and Supplementary Fig. 1 ), confirming previously published studies [11] [12] [13] [14] [15] . It remains unclear, however, why elimination of the relatively sparse microbial flora of the small intestine increases the number of VRE by over 100-1,000-fold. Because VRE is acquired by the oral route and passes through the small intestine before systemic dissemination, we determined the impact of antibiotic administration on the expression of RegIIIc messenger RNA and protein levels in the distal ileum in wild-type mice and in mice treated with MNV for 1, 3 and 7 days. RegIIIc messenger RNA levels decreased within 1 day of antibiotic administration and continued to decrease over the subsequent 7 days, , MyD88 2/2 (a) and MyD88 bone-marrow-chimaeric (b) mice. Two hours after injection the isolated section of the intestine was harvested and colony-forming units were determined; n 5 5-6 each group. Bacterial numbers are expressed as the percentage of recovered VRE. For a, *P 5 0.02, unpaired t-test; for b, **P , 0.01, one-way ANOVA with Bonferroni correction. WT, wild type. c, Antiserum against RegIIIc or pre-immune serum was injected into ileal loops of wild-type mice before injection of 1,000 VRE. After 2 h, bacterial growth in the luminal fluid of the isolated section of the small intestine was determined, Bacterial numbers are expressed as the percentage of recovered VRE; n 5 5 each group. *P 5 0.049, unpaired t-test. Error bars denote s.e.m. whereas RegIIIc protein expression was markedly diminished within 3 days of antibiotic initiation (Fig. 2b, c) . Another antibiotic regimen consisting of enrofloxacin and clindamycin, which, like MNV, eliminates Gram-positive, Gram-negative and anaerobic commensal bacteria, similarly reduced RegIIIc mRNA and protein expression (Fig. 2d, e) . In contrast, other mediators of antimicrobial defence-cryptdins and angiogenin-4-were not significantly downregulated by antibiotic administration (Supplementary Fig. 2 ).
To determine whether diminished RegIIIc levels correlate with increased susceptibility to VRE, wild-type mice receiving MNV were orally infected with VRE and dissemination to the blood stream was determined 24 h later. Whereas VRE bacteremia was uncommon in untreated mice, viable VRE was cultured from the blood of most antibiotic-treated mice (Fig. 2f) . Moreover, assays for in vivo luminal killing demonstrated markedly impaired inactivation of VRE in the distal small bowel of antibiotic-treated mice (Fig. 2g) . To determine whether reconstitution of RegIIIc in the intestine of antibiotic-treated mice corrects defective VRE killing, recombinant RegIIIc was injected into ileal loops of antibiotic-treated mice before VRE inoculation, and bacterial killing was measured. Administration of RegIIIc markedly diminished VRE survival in the gut of antibiotic-treated mice (Fig. 2h) , demonstrating that exogenous RegIIIc complements the innate immune defect induced by broad-spectrum antibiotic therapy.
RegIIIc is induced in the mouse small intestine by the Gram-negative commensal bacterial species Bacteroides thetaiotaomicron 16 . In contrast, RegIIIc expression is downregulated by the Gram-positive, probiotic bacterium Bifidobacterium longum 16 . To determine whether TLR ligands associated with Gram-negative or Gram-positive bacteria can induce RegIIIc in antibiotic-treated mice, we added lipopolysaccharide (LPS) or lipoteichoic acid (LTA) to the drinking water of antibiotictreated mice. Quantitative analysis of RegIIIc protein levels in distal ileum revealed significant upregulation after oral LPS treatment ( Fig. 3b and Supplementary Fig. 3 ), and analysis of RegIIIc mRNA revealed a similar, albeit not statistically significant, trend (Fig. 3a) . In contrast, oral administration of LTA to MNV-treated mice did not increase RegIIIc mRNA or protein (Fig. 3a, b and Supplementary Fig. 3 ).
To determine whether LPS-induced restoration of RegIIIc corrects the VRE clearance defect in the intestine of antibiotic-treated mice, luminal killing assays were performed in mice receiving MNV, in mice receiving MNV together with LPS or LTA, and in untreated mice. Whereas mice receiving only antibiotics manifested defective clearance of VRE from small intestine, bowel loops of mice receiving antibiotics together with LPS cleared VRE as efficiently as ileal loops of wild-type, untreated mice (Fig. 3c ). Luminal killing of VRE in antibiotic-treated mice receiving LTA, in contrast, was not enhanced (Fig. 3c) . The specificity and TLR4-MyD88-dependence of LPSmediated rescue was investigated with MyD88-or TLR4-mutant mice. Antibiotic administration to MyD88-deficient mice did not increase VRE survival in the ileal lumen, and LPS administration did not increase VRE killing (Fig. 3c) . LPS administration to TLR4-mutant mice also did not increase VRE killing in the intestinal lumen, demonstrating that the LPS effect in wild-type mice was TLR4-mediated and that LPS did not directly inhibit VRE survival ( Fig. 3c and Supplementary Fig. 4 ). Antibiotic-treated mice had significantly higher numbers of VRE in the distal small intestine and mesenteric lymph nodes 24 h after oral infection compared to antibiotic-untreated mice, whereas no effect of LPS was found in TLR4-mutant mice ( Supplementary Fig. 5a , b). LPS treatment reduced VRE colony-forming units in small intestines and mesenteric lymph nodes (MLNs) to levels observed in wild-type mice (Fig. 3d, e) , demonstrating that LPS-mediated enhancement of innate immune defence decreased VRE colonization and dissemination. To exclude systemic LPS effects during oral LPS treatment, serum tumour necrosis factor (TNF) levels were determined in mice treated either with antibiotics or with antibiotics plus LPS for 7 days. TNF was not detected in either group, whereas mice receiving LPS intraperitoneally had increased serum TNF levels ( Supplementary Fig. 6 ). To determine whether LPS-treated mice ingested equivalent amounts of antibiotic, vancomycin levels in the colons of mice receiving or not receiving LPS were determined. No significant difference was found between the groups, indicating that LPS administration did not reduce the intake of antibiotics in drinking water ( Supplementary Fig. 7) .
Whereas the preceding experiments demonstrated that administration of LPS concurrent with antibiotic treatment ameliorates the innate immune defect associated with elimination of the commensal correlating with decreased clearance of VRE. a, Persistence and density of VRE intestinal colonization in mice. Mice were treated with MNV in drinking water starting 2 days before oral infection with 10 9 VRE by gavage. Bacterial counts within the distal small intestine were determined 1, 3 and 5 days after VRE infection (n 5 5 each group and time point; **P 5 0.008, Mann-Whitney test). b, Messenger RNA was extracted from the terminal ileum of wild-type mice (first bar) and mice receiving antibiotics (MNV) for 1, 3 and 7 days. RegIIIc expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh; n 5 4-10 mice per group; *P 5 0.02, **P 5 0.0011, ***P 5 0.0001, each compared to untreated, unpaired t-test). c, Protein extracts from the distal small intestine of untreated and MNVtreated mice for 1, 3 and 7 days were analysed by western blotting with RegIIIc-specific antiserum. Tubulin was used as a loading control. d, Messenger RNA was extracted from the terminal ileum of untreated or enrofloxacin and clindamycin (EC)-treated mice, and RegIIIc expression was determined (n 5 2 for wild-type and n 5 4 for EC-treated mice; **P 5 0.0017, unpaired t-test). e, Protein extracts from the distal small intestine of wild-type mice and mice receiving antibiotics (EC) for 7 days were analysed by western blotting with RegIIIc-specific antiserum. f, Wildtype mice and mice administered antibiotics (MNV) in the drinking water for 7 days were infected with 10 10 VRE by gastric gavage, and the number of bacteria in the blood was determined 24 h after infection (n 5 10 each group; *P 5 0.013, Mann-Whitney test). g, Ileal loops of wild-type mice and mice receiving antibiotics for 7 days (MNV) were injected with 1,000 VRE, and bacterial survival was measured 2 h later. Bacterial numbers are expressed as percentage of recovered VRE (n 5 8 each group; *P 5 0.04, unpaired t-test). h, RegIIIc or control protein (b 2 -microglobulin) was inoculated into ileal loops, and VRE survival was assessed (n 5 5 each group; ***P 5 0.0004, unpaired t-test). Error bars denote s.e.m.
. Therefore, mice that had received antibiotics for 4 days were treated with oral LPS. RegIIIc protein levels were significantly upregulated in mice receiving LPS after 4 days of antibiotic treatment and RegIIIc mRNA levels were also increased to levels that, however, did not achieve statistical significance (Fig. 4b and Supplementary Fig. 8 ). (Fig. 4c) . In line with these data, luminal killing of VRE was also significantly enhanced in mice receiving LPS to rescue innate immune defences (Fig. 4d ).
Immunohistochemistry demonstrated RegIIIc protein expression in
Our findings demonstrate that administration of broad-spectrum antibiotics compromises intestinal innate immune defences by eliminating commensal microbes, which diminishes expression of antimicrobial molecules in the intestinal mucosa. Compromised intestinal innate immune defence increases susceptibility to antibiotic-resistant microbes, including the Gram-positive bacterial pathogen VRE. Our experiments show that the innate immune effector molecule RegIIIc has an important role in host defence against VRE by killing bacteria in the small intestinal lumen. It is likely, however, that other MyD88-induced factors also inhibit intestinal colonization by VRE because MyD88-deficient mice were less effective at inhibiting VRE growth than wild-type mice treated with RegIIIc antiserum. Along similar lines, oral administration of LPS to antibiotic-treated mice, while inducing RegIIIc, may also increase intestinal resistance to VRE colonization by inducing other antimicrobial factors.
Altering the complexity of the intestinal commensal flora with broad-spectrum antibiotics provides an opportunity for otherwise innocuous microbes to cause systemic disease 11, 17, 18 . Specific TLR signalling can substitute for signals induced by commensal microbes and restore RegIIIc, thereby enhancing defence against VRE. It is interesting that LPS, the principal component of the outer membrane of Gram-negative bacteria, induces RegIIIc, which acts selectively against Gram-positive bacteria by binding surface-exposed peptidoglycan. In contrast, LTA, a predominant surface glycolipid of Gram-positive bacteria, does not induce RegIIIc, nor does it enhance clearance of VRE. Our results, therefore, support the previous findings 16 demonstrating that a commensal Gram-negative bacterium, but not a probiotic ) to the drinking water. RegIIIc mRNA induction was determined after 7 days LPS treatment and is expressed relative to untreated mice (n 5 9-15 in each group; **P , 0.01, one-way ANOVA with Bonferroni correction). b, RegIIIc protein levels in the distal small intestine of mice treated as in a were determined (n 5 5-8; **P , 0.01, one-way ANOVA with Bonferroni correction). c, Immunohistochemical detection of RegIIIc in paraffinembedded distal small intestine sections in untreated mice, mice receiving MNV and mice receiving MNV plus LPS (magnification 400-fold, inset 1,000-fold). Representative samples from one of three mice is shown. d, VRE killing in ileal loops of mice treated as in a was determined and expressed as percentage of recovered VRE (n 5 5-6 each group; *P , 0.05, ***P , 0.001, one-way ANOVA with Bonferroni correction). Error bars denote s.e.m. 21 LTA, or were left untreated, and RegIIIc mRNA expression was determined and is expressed relative to untreated mice (n 5 5-12 each group; ***P , 0.001, one-way ANOVA with Bonferroni correction). b, Quantitative western blot analysis with RegIIIc-specific antiserum was performed on protein extracts from the distal small intestine of untreated mice as well as mice receiving MNV, MNV plus LPS, or MNV plus LTA (n 5 5-12; * P , 0.05, *** P , 0.001, one-way ANOVA with Bonferroni correction). c, VRE survival was determined in ileal loops of wild type, MyD88 2/2 or TLR4 mut/mut mice treated with MNV, MNV plus LPS, MNV plus LTA, or left untreated. Bacterial numbers are expressed as the percentage of recovered VRE (n 5 6-11 for wild type, n 5 7-8 for MyD88
, n 5 6-8 for TLR4 mut/mut (C3HeJ); **P , 0.01, ***P , 0.001). d, Mice were treated for 7 days with MNV, MNV plus LPS, or left untreated, and then were orally infected with 10 10 VRE. Twenty-four hours later, bacterial counts in the distal small intestine were determined (n 5 14-15; **P , 0.01, one-way ANOVA with Bonferroni correction). e, Mice were treated as in d and, 24 h later, bacterial counts within MLNs were determined (n 5 4-5;*P , 0.05, one-way ANOVA with Bonferroni correction). Error bars denote s.e.m. that belong to different classes can wage battles against each other by inducing innate antimicrobial mechanisms in the mammalian mucosa that selectively inactivate bacteria belonging to different classes.
Therapy with TLR ligands, though frequently contemplated, is complicated by the induction of inflammatory cytokines that can, at the extreme, result in septic shock and death 19 . This dire outcome occurs after systemic administration of some TLR ligands and thus profoundly limits enthusiasm for this form of therapy. In contrast, the gastrointestinal tract is exposed to TLR ligands with great regularity, if not continuously 20, 21 . Recent studies, however, indicate that the intestinal mucosa is not blind to TLR ligands [22] [23] [24] , but that responses, while tempered, contribute to epithelial homeostasis 25, 26 and enhance innate immune defence against intestinal bacteria 9 . Thus, although systemic treatment with TLR ligands is fraught with difficulties, administration of TLR ligands to mucosal surfaces with the goal of enhancing innate immune defence may, in certain clinical situations, provide salutary effects.
Although it is presumed that depletion of commensal microbes has the direct effect of providing space and nutrients for pathogenic organisms, our findings indicate that broad-spectrum antibiotics may provide more important indirect advantages to pathogens by impairing mucosal innate immune defences. Specific induction of antimicrobial molecules, for example RegIIIc, by the oral administration of LPS could therefore be of potential therapeutic use in patients receiving broad-spectrum antibiotic therapy.
METHODS SUMMARY
Mice, bacteria and infection. Mice were infected by means of gavage with 10 9 or 10 10 colony-forming units (as indicated) of the vancomycin-resistant E. faecium strain purchased from ATCC (stock number 700221). Bacterial counts within various organs were determined by homogenizing different organs in PBS containing 0.1% Triton X-100. Bacterial counts within luminal contents were determined by flushing the lumen with PBS containing 0.1% Triton X-100 and homogenizing the intestinal wall. For VRE counts in the blood, colony-forming units were determined by directly plating the blood. Plating was performed on EnterococcoseI agar plates (Difco) with vancomycin (8 mg ml 21 , Sigma). VRE colonies were identified by appearance and confirmed by Gram staining. Gut commensal depletion and reconstitution with LPS or LTA. Animals were provided with vancomycin (1 g l 21 , Sigma), neomycin sulphate (500 mg l
21
, Sigma) and metronidazole (1 g l 21 , Baxter) in drinking water for at least 7 days unless otherwise indicated. Alternatively, animals were given enrofloxacin (Baytril, 400 mg l
) and clindamycin (400 mg l 21 , Sigma) in the drinking water for 7 days. For some experiments, animals were treated for 4 days with vancomycin, neomycin and metronidazole before LPS from Escherichia coli 0127:B8 (1-4 mg ml 21 , Sigma; purified by phenol extraction) was added to the drinking water for an additional 7 days. Alternatively, for prophylactic administration, drinking water was supplemented from the beginning of the experiment on with vancomycin, neomycin and metronidazole together with LPS from E. coli 0127:B8 (2-4 mg ml 21 ) or LTA from Bacillus subtilis (0.25 mg ml 21 , Sigma). In vivo VRE killing. Ligated ileal loop experiments were performed as described previously 9 . PBS (250 ml) containing 1,000 VRE were injected into the ligated loop. Luminal fluid was plated after 2 h.
Generation of bone marrow chimaeras, RT-PCR, western blot, immunohistochemistry and determination of vancomycin levels were performed in accordance with standard protocols and as described previously 9 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Mice and bacteria. MyD88 2/2 mice were provided by S. Akira. C57BL/6, C57BL/6 Ly5.1 and C3H/HeJ mice were purchased from Jackson Laboratory. All mice were kept and bred at Memorial Sloan-Kettering Cancer Center Research Animal Resource Center. All animal procedures were approved and performed according to institutional guidelines for animal care. All experiments were performed with the VRE from ATCC (stock number 700221), except for the experiment in Fig. 1a , which was done with a clinical VRE isolate from the microbiology laboratory at MSKCC. Generation of bone marrow chimaeric mice. Recipient wild-type (CD45.1) or MyD88-deficient (CD45.2) mice were lethally irradiated with 950 cGy using a 137 Cs source and injected intravenously 2-3 h later with 5 3 10 6 bone marrow cells derived from the tibias and femurs of the respective donors. Bone marrow chimaeric mice were used 7 weeks after engrafting. Real-time PCR analysis. The small intestine was divided into four parts; a 1.5 cm segment was excised from the distal portion and total RNA was isolated using the Trizol reagent (Invitrogen). DNase-treated RNA underwent randomly primed cDNA synthesis and real-time PCR analysis. SYBR Green-based real-time PCR was performed using the DyNAmo SYBR Green qPCR Kit (Finnzymes). RegIIIcand angiogenin-4-specific primers were obtained from Qiagen. General cryptdin primer was used as described previously 27 . Signals were normalized to Gapdh RNA (forward: 59-ACCACAGTCCATGCCATCAC-39; reverse: 59-TCCACCACCCTGTTGCTGTA-39). Normalized data were used to quantify relative levels of RegIIIc using DDCt analysis. Western blot analysis. Small intestines were divided into four pieces; samples were taken from the most distal part and western blotting using a polyclonal RegIIIc antiserum or an anti-tubulin antibody (Santa Cruz) as loading control was performed as described previously 10 . Western blot signals were analysed by densitometric measurements and subsequently quantified using the NIH-Image software program. Values obtained for RegIIIc immunoblots were normalized to the optical density of corresponding immunoblots for tubulin. Immunohistochemistry. Freshly isolated small intestine was divided into four parts. The fourth distal part was fixed in formalin and embedded in paraffin. Immunohistochemical staining for RegIIIc was performed using the DAKO Envision System for rabbit primary antibodies according to the manufacturer's protocol. RegIIIc polyclonal antiserum 10 was diluted 1:500 in PBS containing 1% BSA. Control slides were stained with pre-immune serum or rabbit immunoglobulin G instead of the primary antibody and did not show any positive staining. In vivo luminal killing. After anaesthesia a midline laparotomy incision was made. The intestine was occluded with a vascular clip 1 cm proximal to the ileocaecal junction and 3 cm proximal to this point. Care was taken to avoid disrupting the mesenteric vascular arcades. The length of intestine between the two clips was injected with 250 ml PBS containing 1,000 VRE. After 2 h, mice were killed by exposure to carbon dioxide and the luminal fluid of the isolated segment was harvested and plated on Enterococcose I agar plates. For RegIIIcblocking experiments, 250 ml of a 1:10 dilution of RegIIIc polyclonal antiserum 10 or pre-immune serum in PBS was injected into ileal loops of wild-type and antibiotic-treated mice. After 20 min, 250 ml PBS containing 1,000 VRE was injected. For reconstitution experiments, 250 ml MES-Buffer (25 mM, pH 6, 25 mM NaCl) containing 20 mM purified recombinant RegIIIc was injected before adding 1,000 VRE in 100 ml MES-Buffer into the ileal loop. RegIIIc was purified as described previously 10 . As a control, purified b2-microglobulin was substituted for RegIIIc. After 2 h the animals were killed by exposure to carbon dioxide immediately before harvesting the isolated section of the small intestine. Determination of the vancomycin levels. The colon was dissociated in 1 ml PBS and centrifuged for 10 min at 13,000g. Vancomycin levels were analytically determined by a particle-enhanced turbidimetric inhibition immunoassay method 28 . Array analysis and ELISA. Array analysis (Toll-like receptor signalling pathway PCR array from Superarray) was performed to determine the bioactivity of LPS and LTA in the specific concentrations used for the experiments (unpublished results). For intraperitoneal administration of LPS, mice were injected with 1 mg LPS. After 2 h, serum TNF levels were determined by ELISA (OptEIA kit from BD Pharmingen). Statistical analysis. Statistical analysis was performed on Prism software. All P-values , 0.05 were considered to be significant. Error bars denote s.e.m. 
